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Background: Circulating vitamin D relationship with insulin resistance is not resolved.
Results: 1,25(OH)2D3 (active form of vitamin D) up-regulates GLUT4 translocation and glucose utilization and is inhibited by
chemical inhibition or silencing of cystathionine-�-lyase in high glucose-treated adipocytes.
Conclusion: 1,25(OH)2D3-induced GLUT4 translocation and glucose utilization are mediated by cystathionine-�-lyase activa-
tion and H2S formation.
Significance: 1,25(OH)2D3 up-regulates the insulin signaling for maintenance of glucose homeostasis in diabetes.

A scientific explanation for the beneficial role of vitamin D
supplementation in the lowering of glycemia in diabetes
remains to be determined. This study examined the biochemical
mechanism by which vitamin D supplementation regulates glu-
cose metabolism in diabetes. 3T3L1 adipocytes were treated
with high glucose (HG, 25 mM) in the presence or absence of
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) (25, 50 nM), the active
form of vitamin D. 1,25(OH)2D3 treatment caused significant
up-regulation of GLUT4 total protein expression and its trans-
location to cell surface, and an increase in glucose uptake as well
as glucose utilization in HG-treated cells. 1,25(OH)2D3 also
caused cystathionine-�-lyase (CSE) activation and H2S forma-
tion in HG-treated adipocytes. The effect of 1,25(OH)2D3 on
GLUT4 translocation, glucose utilization, and H2S formation
was prevented by propargylglycine, an inhibitor of CSE that cat-
alyzes H2S formation. Studies using antisense CSE also demon-
strated the inhibition of GLUT4 translocation as well as glucose
uptake and utilization in 1,25(OH)2D3-supplemented CSE-
siRNA-transfected adipocytes compared with controls.
1,25(OH)2D3 treatment along with insulin enhanced GLUT4
translocation and glucose utilization compared with either
insulin or 1,25(OH)2D3 alone in HG-treated adipocytes.
1,25(OH)2D3 supplementation also inhibited monocyte che-
moattractant protein-1 and stimulated adiponectin secretion in
HG-treated adipocytes, and this positive effect was prevented in
propargylglycine-treatedorCSE-knockdownadipocytes.This is
the first report to demonstrate that 1,25(OH)2D3 up-regulates
GLUT4 translocation and glucose utilization and decreases
inflammatorymarkers, which ismediated byCSE activation and
H2S formation in adipocytes. This study provides evidence for a
novel molecular mechanism by which 1,25(OH)2D3 can up-reg-

ulate theGLUT4 translocation essential formaintenance of glu-
cose metabolism.

Vitamin D is a steroid hormone that regulates calcium and
phosphate levels in the bloodstream and promotes healthy
bone growth (1). A review of the literature suggests that higher
concentrations of circulating vitamin D are associated with a
substantial decrease in cardiovascular disease, type 2 diabetes,
and metabolic syndrome (2). Supplementation with vitamin D
decreases blood glucose and HbA1c in both type 2 and type 1
diabetic patients (3, 4). These studies in humans support a
strong case for the association between vitamin D status and
hyperglycemia in diabetes. The relationship among vitamin D,
insulin resistance, and obesity is not completely resolved. In
addition, a scientific explanation for the beneficial role of vita-
min D supplementation in the lowering of glycemia in diabetes
remains to be determined.
Hydrogen sulfide (H2S)2 is an important signaling molecule

formed mainly by the enzyme cystathionine-�-lyase (CSE) in
the cardiovascular system (5–7). Recent reviews discuss the
potential benefits of H2S in biological systems and in the pro-
tection of mitochondrial function and cardiovascular patho-
physiology (5–7). Glucose transporter 4 (GLUT4) is a key
player in glucose metabolism and maintenance of glucose
homeostasis in the body (8, 9). Studies using GLUT4 heterozy-
gous knock-outmice showed that a decrease inGLUT4 expres-
sion led to increased levels of serum glucose and insulin,
reduced muscle glucose uptake, hypertension, and diabetic
complications similar to those seen in the diabetic population
(8–10). GLUT4 activation has been a therapeutic target for
pharmacological intervention strategies to control diabetic
hyperglycemia (8).
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Adipose tissue is amajor site of glucosemetabolismandplays
a critical role in the maintenance of glucose homeostasis. This
study reports for the first time that 1,25(OH)2D3 up-regulates
GLUT4 translocation to the cell surface and glucose uptake and
utilization in adipocytes treated with high glucose (HG).
1,25(OH)2D3 also up-regulates CSE activation and H2S forma-
tion in HG-treated adipocytes. The effect of 1,25(OH)2D3 on
GLUT4 up-regulation and glucose utilization, as well as levels
of inflammatorymarkers, was significantly inhibited by propar-
gylglycine (PAG), an inhibitor of CSE, or in CSE-knockdown
adipocytes. These results demonstrate that the effect of
1,25(OH)2D3 on GLUT4 translocation and glucose utilization
and levels of inflammatory markers, is mediated by CSE activa-
tion andH2S formation in adipocytes. To our knowledge, this is
the first report to demonstrate a direct effect of 1,25(OH)2D3 on
up-regulation of GLUT4 translocation and glucose utilization
at a cellular level. This study provides a promising lead to inves-
tigate vitamin D supplementation in boosting blood levels of
H2S and as an adjuvant therapy in reducing hyperglycemia and
its associated complications.

EXPERIMENTAL PROCEDURES

3T3L1 Adipocyte Cell Culture and Differentiation—The
murine 3T3L1 fibroblast cell line was obtained from American
Type Culture Collection (ATCC). These cells were cultured
and differentiated into adipocytes following the method
described earlier (11). The cellswere incubatedwith serum-free
low glucose DMEM during the experiments.
Treatment with Control Glucose (CG), HG, and 1,25(OH)2D3—

Cells were treated with CG (7 mM) or HG (25 mM) with or
without 1,25(OH)2D3, the active form of vitamin D. Cells were
pretreated with different concentrations (25 or 50 nM) of
1,25(OH)2D3 for 2 h followed by CG or HG exposure for the
next 20 h. Mannitol was used as an osmolarity control. In the

mannitol group, cells were exposed to 18mMmannitol because
themediumcontains 7mMglucose. The viability of treated cells
was determined using theAlamar Blue reduction bioassay (Ala-
mar Biosciences, Sacramento, CA). In this study control cells
are incubated inmediumwith a glucose concentration of 7mM.
In the human body glucose is continuously degraded and re-
formed tomaintain a 5mMblood glucose level. However, in cell
culture studies, we observed that incubating cells in medium
with a 5 mM glucose concentration for 24 h caused the concen-
tration of glucose in the medium to drop to levels lower than 2
mM. In cell culture studies, glucose is metabolized but not
replaced. Our experience has shown us that a glucose level of 7
mM does not lead to glucose deficiency after 24 h of treatment,
and thus we incubated the cells in medium with a glucose con-
centration of 7 mM. In the HG study, cells were exposed to a
medium having a HG concentration of 25 mM. Many previous
studies have reported that glucose concentrations as high as 50
mM have been found in the blood of patients with uncontrolled
diabetes (12). It is true that blood glucose levels in patients are
not likely to stay as high as 25 mM for 24 h. However, tissue
damage in diabetic patients occurs overmany years of countless
hyperglycemic episodes. Thus, the glucose concentration of 25
mM used in this cell culture study does not seem unreasonable.
Doses of 1,25(OH)2D3 used in this study are in the physiological
range (13).
Determination of CSE Activity—Intracellular CSE activity

was determined following the method of Xu et al. (14) using an
enzyme-coupled assay with lactate dehydrogenase. Using pyri-
doxal phosphate as a coenzyme, CSE first catalyzes the �,�-
elimination of cystathionine to give cysteine, which is then con-
verted into pyruvate, ammonia, and H2S by the action of the
same enzyme (CSE). Exogenous addition of lactate dehydro-
genase then catalyzes the conversion of pyruvate into lactate

FIGURE 1. Effect of 1,25(OH)2D3 supplementation on the glucose transporters (GLUT4 and GLUT1) total protein expression and their translocation to
cell surface, glucose uptake and glucose utilization, CSE protein expression and its activity, and H2S formation in 3T3L1 adipocytes exposed to CG or
HG. A, GLUT4 total protein expression. B, GLUT4 translocation. C, glucose uptake. D, GLUT1 total protein expression. E, GLUT1 translocation. F, glucose
utilization. G, CSE protein expression. H, CSE activity. I, H2S formation. Cells were pretreated with 1,25(OH)2D3 for 2 h followed by CG (7 mM) or HG (25 mM)
exposure for the next 20 h. Values are mean � S.E. (error bars; n � 3).
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with concomitant formation of NAD� from NADH. The oxi-
dation rate of NADH was monitored at 340 nm for 15 min at
37 °C as an index of CSE activity. After treatment, cells were
homogenized in 50 mM potassium phosphate buffer (pH 6.9)
containing 1 mM EDTA and 1:100 (v/v) protease inhibitor mix-
ture (Calbiochem) followed by centrifugation at 15,000 � g for
30 min at 4 °C. The resulting supernatant was used for CSE
activity. The reaction mixture (100 �l) contained 100 mM

potassium phosphate buffer (pH 7.4), 4.0 mM L-cystathionine,
0.125 mM pyridoxal 5�-phosphate, 0.32 mM NADH, 1.5 units
lactate dehydrogenase, and 10 �l of cell homogenate. The
decrease in optical density at an absorbance of 340 nm was
kinetically monitored with a microplate reader (Spectramax-5;
Molecular Devices) at 37 °C for 30 min. Blank reactions were
performed in the same way except that L-cystathionine was
omitted. Maximum velocities were calculated from the linear

portion of the graphs, and the results were expressed as nmol
min�1 mg protein�1.
Glucose Transporter Cell Membrane Translocation Assay—

GLUT4 and GLUT1 translocation from cytoplasm to the cell
surfacewere determined using flow cytometry as described ear-
lier (15). After treatment cells werewashed in FACSbuffer (PBS
without Mg2� and Ca2�, with the addition of 10% fetal bovine
serumand 0.1% sodiumazide), centrifuged, suspended in FACS
buffer, and incubated for 2 h at 4 °C with either anti-GLUT4
(Santa Cruz Biotechnology, sc-53566) or anti-GLUT1 (Santa
Cruz Biotechnology, sc-7903) primary antibody at a 1:50 dilu-
tion. The cells were then washed in washing buffer for FACS
(PBS containing 1%BSA and 0.1% sodium azide) and incubated
with a FITC-conjugated appropriate secondary antibody
(Abcam) at a 1:40 dilution on ice for 30 min in the dark. After
the incubation, 1 ml of washing buffer for FACS was added to

FIGURE 2. Effect of PAG on CSE protein expression and its activity, H2S formation, GLUT4 total protein expression and its translocation, and glucose
uptake and glucose utilization in 3T3L1 adipocytes exposed to 1,25(OH)2D3 and CG or HG. A, CSE protein expression. B, CSE activity. C, H2S formation.
D, GLUT4 total protein expression. E, GLUT4 translocation. F, glucose uptake. G, glucose utilization. Cells were treated with PAG (10 mM) 5 min prior to
1,25(OH)2D3 (50 nM) supplementation followed by CG (7 mM) or HG (25 mM) exposure for the next 20 h. Values are mean � S.E. (error bars; n � 3).
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each sample. The samples were then vortexed and centrifuged,
the supernatant was removed, and 0.5 ml of FACS buffer was
added. In each experiment, a minimum of 15,000 cells was ana-
lyzed (per treatment condition) by FACSCalibur flow cytome-
ter (BDBiosciences) equippedwithmulticolor analysis capabil-
ity. Gates were set to exclude nonviable cells, cell debris, and
cells of abnormal size and shape. Results were expressed as
mean fluorescence intensity/15,000 cells.
Glucose Utilization, Glucose Uptake, H2S Concentration, and

Cytokine SecretionAssays—Glucose assayswere done at 0 h and
at other specified times. The glucose utilization level was deter-
mined by subtracting glucose values at specified times (leftover
glucose) from the 0 h glucose level. All assays were done in
duplicate at each time point. An Advantage Accu-check glu-
cometer (Roche Applied Science) was used for the glucose
assay. The glucose utilization valueswere expressed in nmol/ml
per min unit. The glucose uptake assay was performed using
6-NBDG (Invitrogen), a fluorescent analog of 2-deoxyglucose,
following themethod of Jung et al. (16). Briefly, after treatment,
cells were incubated with serum-free low glucosemedium con-
taining 6-NBDG (20 �M) for 30 min. After the incubation, cells
were washed with PBS and then lysed with 70 �l of PBS con-
taining 1%TritonX-100 and kept at dark for 10min. Then 30�l
of dimethyl sulfoxide was added in each sample and homoge-
nized by pipetting up and down, and the plate was read imme-
diately using a microplate reader at an excitation/emission
wave length of 466/540 nm. Results were expressed as relative
fluorescence units. H2S concentrations in the cell culture
supernatant weremeasured following the formation ofmethyl-
ene blue (17). Briefly, 100 �l of medium was mixed with 250 �l
of 1% (w/v) zinc acetate and 425 �l of distilled water, followed
by addition of 133 �l of N-dimethyl-p-phenylenediamine sul-
fate (20mM in 7.2 MHCl) and 133�l of FeCl3 in (30mM in 1.2 M

HCl) to the test tube. The mixture was incubated at room tem-
perature for 10min. The protein in the plasma was removed by
adding 250 �l of 10% trichloroacetic acid to the reaction mix-
ture which was pelleted by centrifugation. The absorbance of
the resulting solutionwasmeasured at 670 nm in a 96-well plate
with a microplate reader. Concentration of H2S formation was
calculated using a calibration curve of standard Na2S. The
monocyte chemoattractant protein-1 (MCP-1) and adiponec-
tin levels were measured in the supernatants of treated cells by
the sandwich ELISAmethod using a commercially available kit
from R&D Systems and ALPCO Diagnostics (Salem, NH),
respectively. All appropriate controls and standards as specified
by each manufacturer’s kit were used. In the cytokine assay,
control samples were analyzed each time to check the variation
from plate to plate on different days of analyses.
Immunoblotting—For the immunoblotting, after treatment,

cells were lysed in radioimmunoprecipitation assay buffer (50
mM Tris, pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxy-
cholic acid, 0.1% SDS) supplemented with protease and phos-
phatase inhibitors (1 mM PMSF, 5 �g/ml leupeptin, 2 �g/ml
aprotinin, 1 mM EDTA, 10mMNaF, and 1mMNaVO4). Lysates
were cleared by centrifugation, and total protein concentra-
tions were determined using a BCA assay kit (Pierce/Thermo
Scientific). All samples contained approximately the same
amount of protein (�20–30 �g) and were used for immuno-

blotting with either anti-GLUT4 (1:1000) (Abcam), anti-
GLUT1 (1:1000) (Abcam), or anti-CSE (1:1000) (Sigma) pri-
mary antibody and appropriate HRP-conjugated secondary
antibody (1:5000 dilution). The intensity of each immunoblot-
ting band was measured using the histogram tool of Adobe
Photoshop CS5.
All chemicals were purchased from Sigma unless otherwise

mentioned. Data were analyzed statistically using one-way
ANOVAwith Sigma Stat software (Jandel Scientific, SanRafael,
CA). When data passed a normality test, all groups were com-
pared using the Student-Newman-Keuls method. p � 0.05 was
considered significant.

RESULTS

Fig. 1 illustrates the effect of 1,25(OH)2D3 supplementation
on GLUT4 translocation, glucose utilization, CSE activation,
and H2S formation in HG-treated 3T3L1 adipocytes. It shows
that HG exposure caused a reduction in GLUT4 total protein
expression, as well as its cell surface translocation, and in glu-
cose uptake. In addition, HG exposure also caused a significant
(p � 0.05) decrease in CSE protein expression as well as its
activity and a concomitant reduction in H2S formation in adi-
pocytes. Treatment with 1,25(OH)2D3 (25 or 50 nM) up-regu-
lated the GLUT4 total protein expression and its translocation
to cell membrane, glucose uptake, and glucose utilization and
prevented reduction in CSE protein expression, CSE activity,
andH2S concentration inHG-treated adipocytes. In addition to
GLUT4, GLUT1 also plays an important role in basal glucose

FIGURE 3. Effect of PAG supplementation after 1,25(OH)2D3 treatment on
the protein expression of both CSE and GLUT4 in 3T3L1 adipocytes
exposed to CG or HG. A, CSE protein expression. B, GLUT4 total protein
expression. Cells were treated with PAG (10 mM) 5 min after 1,25(OH)2D3 (50
nM) supplementation followed by CG (7 mM) or HG (25 mM) exposure for the
next 20 h. Values are mean � S.E. (error bars; n � 3).
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transport in 3T3L1 adipocytes. However, a significant differ-
ence in GLUT1 total protein expression as well as its transloca-
tion to cell surface was not observed among different experi-
mental groups. HG concentration (25 mM) showed an
inhibition of uptake of tracer glucose (a fluorescent analog of
2-deoxyglucose), although the actual glucose uptake and utili-
zation were increased at this HG concentration. Thus, cells
treated with HG (25 mM) were showing lower uptake of tracer
glucose but higher glucose utilization compared with those
seen in cells treatedwith control glucose (7mM).Mannitol used
as an osmolarity control did not affect CSE activation, H2S for-
mation, GLUT4 translocation, and glucose utilization in adi-

pocytes (data not shown). Different treatments did not cause
any change in cell viability (data not shown).
Fig. 2 shows the effect of PAG, an inhibitor of CSE that cat-

alyzes H2S formation, on CSE activation, H2S formation,
GLUT4 translocation, and glucose utilization in HG-treated
adipocytes. The role of H2S was demonstrated when the pres-
ence of PAG lowered CSE protein expression and its activity,
H2S concentration, GLUT4 total protein expression and its
translocation, glucose utilization, and glucose uptake in
1,25(OH)2D3-supplemented cells exposed to HG (Fig. 2). Fig. 3
demonstrates that PAG supplementation after 1,25(OH)2D3
treatment also caused a reduction in bothCSE andGLUT4 total

FIGURE 4. Effect of 1,25(OH)2D3 supplementation on CSE protein expression and its activity, H2S formation, GLUT4 total protein expression and its
translocation to cell surface, and glucose uptake and glucose utilization in 3T3L1 adipocytes exposed to CG or HG after transfection with CSE siRNA
(100 nM). A, CSE protein expression. B, CSE activity. C, H2S formation. D, GLUT4 total protein expression. E, glucose utilization. F, GLUT4 translocation. G, glucose
uptake. Cells transfected with CSE-siRNA were treated with 1,25(OH)2D3 for 2 h followed by CG (7 mM) or HG (25 mM) exposure for the next 20 h. Control siRNA
is a fluorescein-conjugated scrambled nonspecific RNA duplex with no sequence homology with any of the genes. Values are mean � S.E. (error bars; n � 3).
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protein expression in adipocytes exposed to HG (25 mM). Con-
trol cells treated with PAG alone showed a decrease in CSE
protein expression and its activity, and H2S formation, but had
no effect on GLUT4 total protein expression or its cell surface
translocation, glucose uptake, or glucose utilization.
Fig. 4 shows the signal silencing studies with antisense CSE.

We observed that in control cells, transient transfection with
CSE-siRNA decreased CSE protein expression and its activity,
as well as H2S formation, compared with cells transfected with
nontargeted control siRNA; however, neither GLUT4 total
protein expression nor glucose utilization was significantly dif-
ferent compared with those of control siRNA-transfected cells.
Treatment withHG caused a reduction in GLUT4 total protein
expression as well as its cell surface translocation, glucose
uptake, and glucose utilization in CSE-siRNA-transfected adi-
pocytes compared with those of CSE-siRNA transfected con-
trol cells. Interestingly, the effect of HG on GLUT4 transloca-
tion, glucose uptake, and glucose utilization could not be
reversed by 1,25(OH)2D3 supplementation.

Fig. 5 shows the effect of insulin (25 nM) alone or in combi-
nation with 1,25(OH)2D3 supplementation (50 nM) on GLUT4
translocation and glucose utilization in cells treated with either
CG or HG. Treatment with insulin alone increased the GLUT4
translocation and glucose utilization in HG-treated cells. Inter-
estingly, 1,25(OH)2D3 supplementation along with insulin sig-
nificantly boosted the GLUT4 translocation and glucose utili-
zation compared with the either insulin or 1,25(OH)2D3 alone
supplementation in HG-treated cells. Insulin alone or in com-
bination with 1,25(OH)2D3 supplementation also increased the
glucose utilization levels compared with control cells or
1,25(OH)2D3 alone-treated cells exposed to CG. However, dif-
ferent treatments did not cause any significant difference
among the GLUT4 cell surface translocation in CG-treated
cells. The outcome of this study suggests that vitamin D can
increase the insulin action in diabetes.

HG exposure caused an increase in MCP-1 secretion and
decrease in adiponectin levels in adipocytes, and that was pre-
vented by 1,25(OH)2D3 (Fig. 6). 1,25(OH)2D3 did not affect the
HG-induced increase in MCP-1 secretion and decrease in
adiponectin levels in either PAG-treated or CSE-siRNA-
transfected adipocytes.

DISCUSSION

Epidemiological studies show a negative association between
circulating blood vitamin D concentration and insulin resist-
ance in diabetic patients. However, the role of adiposity in rela-
tionship between vitamin D and insulin resistance has not been
resolved (18). Nor do we know the molecular mechanisms by
which vitamin D can directly regulate the glucose homeostasis.
Adipose tissue plays a critical role in glucose metabolism and
themaintenance of glucose homeostasis in our body. This study
reports for the first time that 1,25(OH)2D3 supplementation
increasedCSE activity andH2S formation, which in turn caused
GLUT4 translocation and glucose utilization in adipocytes
exposed toHG. Using an adipocyte cell model, this finding pro-
vides a novel link among vitaminD, CSE activation, H2S forma-
tion, GLUT4 translocation, and glucose utilization. This sug-
gests that circulating vitamin D levels can directly and
positively regulate GLUT4, a key player in glucose metabolism.
Blood levels of H2S have been shown to be lower in various

diseases associated with a higher incidence of vascular inflam-
mation, such as those seen in diabetic animals and patients, and
hypertensive animals and patients (19–21). H2S is produced in
vivo from L-cysteine by the action of two main enzymes, CSE
and cystathionine �-synthase (5–7). Exogenous H2S supple-
mentation reduces blood pressure, decreases atherosclerotic
plaque size comparedwith those of controls in apolipoprotein E
knock-outmice, and prevents progression of diabetic nephrop-
athy in spontaneously hypertensive rats and endothelial dys-
function in diabetic rats (22, 23). Several studies demonstrate

FIGURE 5. Effect of insulin and 1,25(OH)2D3 supplementation either alone or in combination on the GLUT4 translocation and glucose utilization in
3T3L1 adipocytes exposed to CG or HG. A and C, GLUT4 translocation. B and D, glucose utilization. Cells were pretreated with insulin (25 nM) or 1,25(OH)2D3
(50 nM) either alone or in combination for 2 h followed by CG (7 mM) or HG (25 mM) exposure for the next 20 h. Values are mean � S.E. (error bars; n � 4).
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that H2S is an antioxidant that regenerates GSH and lowers
oxidative stress (5–7, 11). Our recent study reported that sup-
plementation with H2S increases glucose utilization and
decreases secretion of the proinflammatory biomarkers IL-8
and MCP-1 in adipocyte and monocyte cell models (11, 19).
These studies demonstrate thatmalfunctioningH2S homeosta-
sis can contribute to the pathogenesis of vascular inflammation
and impaired glucose metabolism.
GLUT4 plays an important role in the regulation of whole

body glucose homeostasis (8). Conditional depletion of GLUT4
in either adipose tissue or skeletal muscle causes insulin resist-
ance (8–10). Both insulin and exercise acutely stimulate
GLUT4 translocation to the cell surfaces of muscle and adipose

cells independent of transcription or translation (8). The insu-
lin-responsive GLUT4 translocation is mediated by activation
of the insulin receptor substrate (IRS)/PI3K/PIP3 (phosphati-
dylinositol-3,4,5-trisphosphate)/AKT (serine/threonine pro-
tein kinase) signaling cascade (8). In our earlier study (11), we
observed that exogenous supplementation with Na2S (a source
of H2S) up-regulated insulin stimulated glucose utilization via
the IRS/PI3K/PIP3/AKT/GLUT4 signaling pathway. Impaired
responsiveness of GLUT4 to the insulin signaling pathway in
obesity and diabetes is also mediated through the actions of
fatty acids, cytokines, and the endoplasmic reticulum stress
response via down-regulation of tyrosine phosphorylation of
IRS by insulin (8). A decrease in GLUT4 expression in GLUT4

FIGURE 6. Effect of 1,25(OH)2D3 supplementation on MCP-1 and adiponectin secretion in 3T3L1 adipocytes exposed to CG or HG either alone or in the
presence of PAG or in CSE-siRNA transfection. A, MCP-1. B, adiponectin. C and D, effect of PAG on MCP-1 (C) and adiponectin levels (D). E and F, adiponectin
(E) and MCP-1 (F) levels in CSE-siRNA-transfected cells treated with 1,25(OH)2D3 for 2 h followed by CG (7 mM) or HG (25 mM) exposure for the next 20 h. Values
are mean � S.E. (error bars; n � 3).
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heterozygous knock-out mice led to increased levels of serum
glucose and insulin, reduced muscle glucose uptake, hyperten-
sion, and diabetic complications in the heart and liver similar to
those seen in the diabetic population (9).
In the basal state, GLUT1 is present both at the cell surface

and in intracellular sites, but GLUT4 remains sequestered
almost entirely within the cell (24). Liao et al. (25) reported that
siRNA-mediated knockdown of GLUT4 reduced glucose
uptake by 50–60%. However, introduction of siGLUT1 in
GLUT4-deficient 3T3L1 adipocytes abolished the insulin-stim-
ulated glucose uptake, suggesting that GLUT1 plays a role as an
important glucose transporter in these cells. Overexpression of
the constitutively active form of AKT stimulates GLUT4, but
not GLUT1, translocation in 3T3L1 adipocytes (26). This study
observed a higher GLUT1 total protein expression and its sur-
face expression compared with those of GLUT4. However, a
significant difference in GLUT1 total protein expressions as
well as its surface expression was not observed among different
experimental groups. It has been reported that, although both
GLUT1 andGLUT4 facilitate glucose uptake following docking
and fusion at the plasmamembrane, theGLUT4 system ismore
sensitive and rapid compared with that of GLUT1 in 3T3L1
adipocytes (27).
1,25(OH)2D3 is the biologically active form and a stable indi-

cator of vitamin D status in the body (1). Vitamin D may up-
regulate insulin receptors and activate peroxisomeproliferator-
activated receptor � expression (28). Vitamin D may increase
the synthesis of calbindin, which can alter calcium-dependent
insulin secretion by pancreatic �-cells (22). Vitamin D can also
affect IL-12 secretion via inhibition of NF-�B in macrophages
and dendritic cells, as well as inhibition of proinflammatory
cytokine secretion by modulation of monocyte/macrophage
and preadipocyte differentiation (1, 28–31).
This study reports that 1,25(OH)2D3 up-regulates GLUT4

translocation and glucose uptake and utilization in HG-treated
adipocytes (Fig. 7). 1,25(OH)2D3 also up-regulated CSE activa-
tion andH2S formation in HG-treated adipocytes. The effect of
1,25(OH)2D3 onGLUT4 translocation,H2S formation, and glu-
cose uptake and utilization was significantly inhibited in the
presence of PAG (an inhibitor of CSE) or in CSE knockdown
adipocytes. In addition, treatment with insulin alone also
increased the GLUT4 translocation and glucose utilization in
HG-treated cells. Interestingly, 1,25(OH)2D3 alongwith insulin
significantly increased the GLUT4 translocation and glucose
utilization compared with supplementation with either insulin
or 1,25(OH)2D3 alone in HG-treated cells. This suggests that
vitamin D can increase the insulin sensitivity in diabetes. This
study has not examined the lower dose of 1,25(OH)2D3 needed
to promote the insulin action on the GLUT4 translocation and
glucose utilization in adipocytes. MCP-1 plays an important
role in vascular inflammation, and adiponectin is a positive reg-
ulator of insulin sensitivity. 1,25(OH)2D3 supplementation
inhibited MCP-1 and stimulated adiponectin secretion in adi-
pocytes treated with HG. The effect of 1,25(OH)2D3 on inhibi-
tion of MCP-1 and stimulation of adiponectin secretion was
also inhibited in PAG-treated or CSE-knockdown adipo-
cytes compared with those of controls. These two different
approaches demonstrate that 1,25(OH)2D3-inducedup-regula-

tion of GLUT4 translocation and glucose utilization is medi-
ated by CSE activation and H2S formation in adipocytes.
The discovery of this novel link among vitamin D, GLUT4,

and glucose utilization will allow for better understanding of
and care for the excess diabetes and cardiovascular disease
associated with the vitamin D-deficient population (1, 2).
Future clinical trials are needed to investigate whether vitamin
D supplementation increases blood CSE activity and H2S con-
centrations and is also associated with lower glycemia and vas-
cular inflammation in the type 2 diabetic patient population.
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